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ABSTRACT OF THESIS

STUDY OF STRESS-BASED FIBER REORIENTATION LAW IN A FINITE
ELEMENT MODEL OF CARDIAC TISSUE
Myofiber organization in the heart plays an important role in achieving and
maintaining physiological cardiac function. In many cardiac disease states, myofibers and
particularly cardiomyocytes are disorganized in chaotic patterns, a phenotype known
broadly as myocardial disarray. In familial hypertrophic cardiomyopathy (HCM), this
disorganization in the form of myocyte disarray is thought to contribute to impaired cardiac
function and the development of arrhythmia during disease progression. However, the
mechanisms regarding fiber reorientation in the heart are yet still unclear, and few
adaptative laws have been created to explore these mechanisms. A stretch-based law was
developed with the aim of achieving physiological fiber organization from a nonphysiological starting point, but it was not sufficient to reproduce the normal human
architecture. Adaptation under pathological conditions was not attempted.
We hypothesize that reorientation occurs in cardiac tissue such that shear stresses
are minimized and that this mechanism, in tandem with local mechanical heterogeneities
caused by certain disease states, is responsible for the development of disarray. The aim of
this work was to propose a novel stress-based fiber reorientation law and assess its potential
to induce myocardial disarray in a computational model of the heart. The law was
implemented in a finite element framework with simple mesh geometries and tested against
known mechanics solutions. Then, heterogeneities in passive and contractile properties
among mesh elements was introduced, and the fiber orientations adapted under cyclical
loading conditions were evaluated. Stress-based reorientation produced well-organized
orientations for homogeneous structures and fiber disorganization for structures with
heterogeneous passive or contractile properties. We conclude that the stress-based
reorientation law proposed in this work can potentially characterize fiber adaptation in the
heart and could be used to develop myocardial disarray in a cardiac model. Further work
includes the implementation of the reorientation law in a left ventricle model and the
validation of results with experimental studies.
KEYWORDS: Fiber Remodeling, Myocyte Disarray, Cardiac Remodeling, Fiber
Adaptation
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CHAPTER 1. INTRODUCTION
1.1

Myocardial Disarray
The human heart has a complex 3D fiber-reinforced structure. The fiber orientation

varies continuously from +60⁰ at the endocardium and -60⁰ at the epicardium, producing a
left-handed spiral from the subendocardium to midwall and a right-handed spiral from
midwall to subepicardium, as shown in Figure 1.1 (Rohmer et al., 2007). The myofibers
are further organized into laminar sheets approximately four myofibers thick. The
myofibers are arranged largely parallel to one another and bound together between
cleavage planes by a network of collagen fibers and extracellular matrix (ECM). The sheets
formed by the cleavage planes are connected to their neighbors via another network of
collagen called the perimysium. The details of this architecture are shown in Figure 1.2.
This complex fiber architecture contributes to proper cardiac function by enabling the
torsion required to maximize blood ejection. The orthotropic passive properties of cardiac
tissue also stem from the fiber families associated with myofiber orientation as well as the
collagen networks.

1

Figure 1.1 Visualization of normal fiber architecture in human left ventricle reconstructed
from DTMRI. Adapted with permission from Rohmer et al. (2007).

2

Figure 1.2 Fiber architecture of normal human heart. Adapted with permission from
Rohmer et al., 2007.
Myocardial disarray consists of a significant derivation in organization from the
aforementioned fiber structure. Specifically, the parallel arrangement of myofibers within
the sheets is distorted and deviates from the local mean fiber orientation. This
disorganization can occur at three levels: macroscopic (between “bundles” of myofibers),
light

microscopic

(intercellular

disorganization),

and

electron

microscopic

(intracellular/sarcomeric disorganization). In this work, myocardial disarray, also called
myocyte disarray, refers primarily to disorganization between myocytes. Figure 1.3 shows
examples of structural disorganization at the cellular level.

3

A

B

Figure 1.3 Samples of intercellular disarray compared with normal myocyte organization.
(A) normal cardiomyocyte organization, and (B) myocyte disarray. Adapted with
permission from Bulkley, Weisfeldt, & Hutchins (1977). Note that the disarrayed sample
characterizes the fiber organization in the transitional areas (RV junction, LV junction, and
trabeculae) of a normal human heart as well as in HCM patients.

1.2

Myofiber Disarray in Hypertrophic Cardiomyopathy
Myofiber disarray frequently develops as a phenotype in a variety of cardiac

pathologies is but particularly associated with familial hypertrophic cardiomyopathy
(HCM). Familial HCM is an inherited cardiac disease affecting an estimated 1 in 500
people in the general population (Maron, 2002). Although generally characterized by septal
hypertrophy, myocyte disarray, interstitial collagen deposition, and small vessel disease,
the causal mutations and phenotypic expressions vary considerably among patients.
Likewise, clinical outcomes vary broadly as well, from sudden death and end-stage heart
4

failure to unaffected quality of life in mildly symptomatic patients and non-symptomatic
gene carriers. The heterogeneity in genetic mutations, expression, and outcome
consequently impairs the identification of high-risk individuals as well as the efficacy of
the limited treatment options (Maron, 2002).
Myofiber disarray is considered as a hallmark phenotype in the diagnosis of
hypertrophic cardiomyopathy (van der Bel-Kahn, 1977; Maron et al., 1981; Varnava,
2000). In fact, disarray present in 10% of the ventricular myocardium along with other
characteristic pathological features, is the standard metric for confirming a diagnosis of
HCM (Maron et al., 1981; Davies, 1984). Disarray has been observed to develop in the
midwall region of the septum as well as of the posterior and anterior regions (Maron, Anan,
& Roberts, 1981; Kuriyabashi & Roberts, 1992). Although disarray can occur in the
absence of fibrosis, Kuriyabashi & Roberts (1992) observed that fibrosis was generally
present in HCM hearts where myofiber disarray was also present. Particularly, young
patients in which the initial manifestation of HCM was sudden death show little to no
interstitial or diffuse fibrosis and an extensive degree of severe disarray.
It is worth noting that myofiber disarray is not exclusively a pathological
phenotype. Becker and Caruso (1982) performed a histological study on normal and
hypertrophic hearts to discern the effectiveness of using myocardial fiber disarray as a
distinguishing phenotype in the diagnosis of hypertrophic cardiomyopathy and found that
disarray was found in normal hearts in the apical region and at points of transition in the
heart, e.g. at the RV insertion points and the subaortic septal region. However, a
comparatively high degree of regularity was observed in the midsegment of the septum, in
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agreement with other histological studies (Kuriyabashi & Roberts, 1992), irrespective of
the orientation of the block of cardiac tissue under observation.
A solid consensus has yet been reached concerning the mechanism by which
myofiber disarray develops in patients with hypertrophic cardiomyopathy. Some hold that
the development of disarray is related to stress patterns in the heart. Adomian and Beazell
(1986) altered the electric pacing in 12 dog hearts to study the effect of altered contraction
patterns on myofiber and myofibrillar architecture. They found that 9 out of 12 dog hearts
expressed severe disarray (fibers oriented at angles 60 to 90 degrees to each other) in
sampled regions from the apex and base of the LV free wall and the mid septum. Sedmera
(2005) traced the evolution of myocardial fiber orientation and corresponding activation
and contractile patterns through the developmental stages of the heart. In the tubular heart
stage, activation follows the flow of the blood through the heart, and myofibrils are oriented
circumferentially with no transmural angle. However, as the heterogeneities in activation,
and thereby contraction, are introduced, spiraling and transmural angle deviations in
myofiber orientation develop. The results of both of these works suggest the response to
changing stress patterns as a driver for myocardial fiber reorientation.

1.3

Review of Fiber Reorientation Models
The efforts to develop and incorporate the remodeling of myofibers into

physiological and pathological FE cardiac models is limited. To explore possible
mechanisms of reorientation, researchers began to optimize fiber orientations to achieve
sufficient global function (Arts, Renamen, and Veenstra, 1979; Arts et al., 1982; Rijcken
et al., 1997; Bovendeerd et al., 1999) (see review on cardiac growth and remodeling from
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Bovendeerd (2012) for more details on optimization approach). The optimization models
use global parameters to evolve the orientation of the fibers. However, there is no
physiological mechanism by which cardiomyocytes are aware of global cardiac function,
and thus an optimization approach is ill-suited to recapitulate the remodeling of cardiac
fibers. Instead, myocytes respond to local stimuli, mechanical or otherwise, in the
reorientation process.
The first model to publish a local adaptation model was from Arts et al. (1994) in
which the fibers were reoriented with a “mismatch” calculation based on sarcomere length
and fiber shortening. When compared with experimental data from various animal heart
models, the distribution of transmural fiber angles throughout the LV wall model were
reasonably similar. Kroon et al. (2009) introduced a strain-based adaptation law with the
assumption that myocytes orient themselves in order to minimize shear strain experienced
in the cell. The reorientation law is given by:
𝑑𝑑𝒆𝒆𝑓𝑓,0 1 𝑼𝑼 ∙ 𝒆𝒆𝑓𝑓,0
= �
− 𝒆𝒆𝑓𝑓,0 �
𝑑𝑑𝑑𝑑
𝜅𝜅 �𝑼𝑼 ∙ 𝒆𝒆𝑓𝑓,0 �

where 𝒆𝒆𝑓𝑓,0 is the fiber direction in the reference configuration, which corresponds to the

unloaded ventricle state, 𝜅𝜅 is the adaptation time constant, and 𝑼𝑼 is the right stretch tensor.

The model predictions for helix and transverse angles throughout the wall fell within the
physiological ranges observed in goat hearts by Bovendeerd at el., 2002. Washio et al.
(2016) presented adaptative models based on local muscle workload and contractile load
impulse to control reorientation and found load impulse to be a suitable mechanism for
fiber reorientation. The impulse-based reorientation law was further refined and tested in
physiological and pathological cases in a later work (Washio et al., 2020), with a high
7

degree of agreement with experimental observations in human hearts. Reorientation was
performed during the isovolumetric contraction phase, rather than as a continuous
adaptation, to compensate for large simulation times.
The aim of this work is to develop a reorientation law capable of continual
adaptation that can reproduce myofiber disarray observed in patients with familial HCM.
We hypothesize that myofiber disarray develops in response to heterogeneities in
contraction and/or passive properties, i.e. the development of fibrosis, caused by gene
expressions associated with familial hypertrophic cardiomyopathy. A stress-driven
reorientation law is proposed to model the development of myofiber disarray in the
methods section of this thesis (Chapter 2) and studied in different geometries and under
varying loading conditions. The results of these studies will be examined in Chapter 3, and
a discussion of the virtues and limitations of this work will be presented in Chapter 4.
Conclusions and future work will be presented in Chapter 5.

.
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CHAPTER 2. METHODOLOGY
2.1

Relevant Continuum Mechanics
Let 𝑹𝑹𝟎𝟎 be the reference configuration of the model geometry and X be the initial

position of a material point within the geometry at time 𝑡𝑡 = 0.The current position of the
material point x is mapped from the reference configuration by way of the motion x =
χ(X,t). Utilizing the chain rule, one may ascertain the deformation gradient F:
𝑑𝑑𝒙𝒙 = 𝑭𝑭𝑑𝑑𝑿𝑿.

(2.1)

where dX is an infinitesimal line element located at the position X in the reference
configuration and dx is infinitesimal line element located at the position x in the current
configuration. The displacement of the material point is given by:
𝒖𝒖 = 𝒙𝒙 − 𝑿𝑿.

(2.2)

𝑭𝑭 = 𝑰𝑰 + ∇𝒖𝒖

(2.3)

Given some displacement u from the initial state X, the deformation gradient can be
redefined as:

where I is the identity matrix and ∇𝒖𝒖 is the gradient of the displacement field. This

definition of F is used for the calculation of the deformation gradient in this modeling
approach. The right Cauchy-Green deformation tensor, which is defined as:
𝑪𝑪 = 𝑭𝑭𝑻𝑻 𝑭𝑭

(2.4)

enables the calculation of stretch 𝛼𝛼 along a given direction in the reference configuration
M, given as

9

𝛼𝛼 2 = 𝑴𝑴 ∙ 𝑪𝑪𝑪𝑪

(2.5)

1
𝑬𝑬 = (𝑪𝑪 − 𝑰𝑰)
2

(2.6)

and also the Green strain tensor, defined as:

which describes the strain in the model geometry with respect to the reference
configuration.

2.2

Modeling of Cardiac Tissue Properties
The bulk material passive properties are modeled as incompressible, transversely

isotropic, and hyperelastic using the strain energy function (Guccione, Waldman, &
McCulloch, 1993):
𝑊𝑊𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =

𝐶𝐶 𝑄𝑄
(𝑒𝑒 − 1)
2

(2.7)

where C is a material constant governing isotropic stiffness, which was assigned a value of
266 Pa for normal cardiac tissue and 3130 Pa for fibrotic tissue. Q is defined as:
𝑄𝑄 = 𝑏𝑏𝑓𝑓 𝐸𝐸11 2 + 𝑏𝑏𝑡𝑡 �𝐸𝐸22 2 + 𝐸𝐸33 2 + 𝐸𝐸23 2 + 𝐸𝐸32 2 � + 𝑏𝑏𝑓𝑓𝑓𝑓 �𝐸𝐸21 2 + 𝐸𝐸12 2 + 𝐸𝐸13 2 + 𝐸𝐸31 2 �

(2.8)

where bf, bt, and bfs are the transversely orthotropic material constants. Utilizing a local
cardiac coordinate system, E11, E22, and E33 are the normal components of E, with respect
to the fiber, sheet, and sheet-normal directions, respectively, and E12, E21, E23, E32, E13, and
E31 are the shearing components of E. To simulate normal cardiac tissue, the material
constants bf, bt, and bfs were set to 10.48, 3.58, and 1.627, respectively. The fibrotic tissue
was assumed to be isotropic. Thus, bf, bt, and bfs were all set to 10 to capture the isotropic
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nature of the fibrotic tissue. The myofiber passive properties are modeled using the strain
energy function (Xi, Kassab, & Lee, 2019):
𝑊𝑊𝑓𝑓 = �

2

𝐶𝐶2 �𝑒𝑒 𝐶𝐶3(𝛼𝛼−1) �, 𝛼𝛼 > 1
0,
𝛼𝛼 ≤ 1

(2.9)

where C2 and C3 are material constants and 𝛼𝛼 is the uniaxial stretch of the myofiber. Values

for material constants C2 and C3 were set to 172 Pa and 7.6, respectively (Mann et al.,

2020).
The cardiac tissue is modeled as a hyperelastic, incompressible material. The
passive component of the second Piola-Kirchhoff stress S is given through the constitutive
relationship
𝑺𝑺𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =

𝜕𝜕𝑊𝑊𝑓𝑓 𝜕𝜕𝑊𝑊𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
+
− 𝑝𝑝𝑪𝑪−1
𝜕𝜕𝑬𝑬
𝜕𝜕𝑬𝑬

(2.10)

where 𝑝𝑝 is the hydrostatic pressure, which is determined via a Lagrange multiplier, as

described in a later section.

The contractile properties of the cardiac tissue were represented using a model of
sarcomere-level contraction, called MyoSim, developed by Campbell et al. (2014). Briefly,
the MyoSim model uses cross-bridge distributions and myosin kinetics to calculate the
force generated by a single myocyte. In the three-state kinetic scheme (Mann et al., 2020),
the myosin heads in the model exist in one of three populations: the super-relaxed (SRX)
state, the disordered-relaxed (DRX) state, or the force-generating (FG) state. A set of
coupled ordinary differential equations, which describe the myosin kinetics, are solved to
determine the distribution of heads in each population. Once the population of myosin
heads in the FG population is known, the active stress in the fiber direction can be
11

calculated. In addition, 25% of the active stress in the myofiber direction was assigned to
the cross-fiber (sheet and normal) directions to mimic the transverse transmission of active
stress observed in cardiac tissue. Tables 2.1 and 2.2. list the parameters used to characterize
the contractile properties of the cardiac tissue.
Table 2.1 List of cell ion parameters used in contraction model
Parameter
Calcium content
kleak
kact
kserca
duration

Value
0.001
0.008008008
1.447218638
80
4.5

Units
Molar

ms

Table 2.2 List of myofilament parameters used in contraction model

2.3

Parameter
kcb,pos

Value
0.001

Units
N m-1

kcb,neg

0.001

α

1.0

k1

3.0

kforce

0.00051

m2 s-1

k2

200

s

k3

330

nm s

k4,0
k4,1

258.864648098

s
nm-4

N m-1
s

2.089

-1

-1

-1 -1
-1

Parameter
kcb

Value
0.001

Units
N m-1

xps

5.0

kon

5.0E+08

nm
M-1 s-1

koff

200

kcoop

3.38

bin range

[-10,10]

nm

bin width

1.0

nm

kfalloff

0.0024

s-1

Stress-based Reorientation Law
We begin by defining the relationship between the first Piola-Kirchhoff stress

tensor, P, and the second Piola-Kirchhoff stress tensor, S, which is given by 𝑺𝑺 = 𝑭𝑭−𝟏𝟏 𝑷𝑷.
We also note the relationship between the first Piola-Kirchhoff traction vector and stress
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tensor, which is given by 𝒑𝒑(𝑵𝑵) = 𝑷𝑷𝑷𝑷. For convenience with respect to the finite element
implementation, we recast the referential eigenproblem using the second Piola-Kirchhoff
stress tensor:
(𝑺𝑺 − 𝑆𝑆𝑰𝑰)𝑵𝑵 = 0

(2.11)

where N is the normal unit vector to a plane as defined in the reference configuration and
S is scalar value. We define a reference traction vector, with respect to the second PiolaKirchhoff stress tensor, which is given by:
𝒔𝒔(𝑵𝑵) = 𝑺𝑺𝑺𝑺 = 𝑭𝑭−𝟏𝟏 𝒑𝒑(𝑵𝑵)

(2.12)

This traction vector can be separated into normal and shear components. By projecting the
traction vector onto the normal vector N, the normal component of the traction vector,
given as:
�𝒔𝒔(𝑵𝑵) ∙ 𝑵𝑵�𝑵𝑵 = 𝒔𝒔(𝑵𝑵) (𝑵𝑵⨂𝑵𝑵)

(2.13)

can be recovered. The shear component of the traction vector is then given by:
𝒔𝒔(𝑵𝑵) − �𝒔𝒔(𝑵𝑵) ∙ 𝑵𝑵�𝑵𝑵 = 𝒔𝒔(𝑵𝑵) (𝑰𝑰 − 𝑵𝑵⨂𝑵𝑵)

(2.14)

𝒔𝒔(𝑵𝑵) (𝑰𝑰 − 𝑵𝑵⨂𝑵𝑵) = 0

(2.15)

By rewriting Equation 2.11 using Equations 2.13 and 2.14, it can be shown that

must be true if N is an eigenvector of the referential stress tensor. In other words, alignment
with the direction of maximum normal traction minimizes the shear stresses in the planes
characterized by the eigenvector solutions. Likewise, for the stretch eigenproblem
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(𝑼𝑼 − 𝜆𝜆𝑰𝑰)𝑴𝑴 = 0

(2.16)

where 𝜆𝜆 are the principal stretches and M are the principal stretch directions (eigenvectors),

the stretch is maximized along the direction of the first eigenvector. It can also be shown
that the associated eigenvectors for the stretch eigenproblem are identical to those for the
Green strain eigenproblem.
Kroon et al. (2009) sought to maximize the stretch experienced by the myofiber
during the reorientation process. The stress reorientation law we developed takes
inspiration from Kroon’s stretch-based law, as shown in Eq. 1.1, and the insights from the
referential stress eigenproblem. The reorientation is defined such that the principal stress
direction is sought by determining the maximum normal traction direction for the
referential stress tensor and comparing it to the reference fiber direction at a given time.
The stress reorientation law is given as:
𝑑𝑑𝒆𝒆𝑓𝑓,0 1 𝑺𝑺𝒆𝒆𝑓𝑓,0
= �
− 𝒆𝒆𝑓𝑓,0 �
𝑑𝑑𝑑𝑑
𝜅𝜅 �𝑺𝑺𝒆𝒆𝑓𝑓,0 �

(2.17)

where 𝒆𝒆𝑓𝑓,0 is the fiber unit vector in the reference configuration and 𝜅𝜅 is a time constant.

The rate of change in the reference fiber direction vanishes when the fiber direction is

aligned with the direction of maximum normal traction for a given referential stress state.
This condition satisfies Eq. 2.15.
Because the referential stress tensor is formulated as a sum of its passive and active
components, it is possible to direct the reorientation law with either component of the
referential stress as well as with the total stress. Thus, the driving component of the
referential stress was specified at the onset of each simulation and used as the stress tensor
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in the reorientation law. For select simulations, reorientation was driven by the active stress
component, the passive component, or the total stress for a given mesh and set of tissue
properties, and the resulting final orientations were compared. The reorientation obtained
from the stretch-based law was performed and compared to the stress-based results for each
simulation. To avoid the computational burden associated with the calculation of the right
stretch tensor U, the right Cauchy-Green deformation tensor was used for the stretch-based
reorientation. The reorientation law was implemented such that the reference fiber
direction was updated at the end of each timestep throughout the simulation.

2.4

Finite Element Modeling
We constructed several mesh geometries in which to investigate the properties of

the stress-based reorientation law. The meshes are created using functions from FEniCS
2019.1.0 (Chalmers University of Technology, Gӧteberg, Sweden). All simulations used
second-order, Lagrangian tetrahedral elements with four integration points per element to
create the mesh.
2.4.1

Uniaxial and Simple Shear Simulations
The unit cube mesh was created for the performance of uniaxial and simple shear

simulations (see Figure 2.1a). The unit cube geometry consists of 6 elements. The fiber
direction 𝒆𝒆𝑓𝑓,0 was initialized along the x-axis, and the time constant was set to 5 ms.
Constraints were placed on the left (x = 0), back (z = 0), and bottom (y = 0) faces such that

the faces remained in plane while allowing the Poisson effect to occur. A fixed-point
boundary condition was placed at the origin to prevent rigid body translation. A
displacement boundary condition was placed on the right face to induce the desired
15

deformations. The cube was stretched 11.5% of its original length along the x-axis over 5
timesteps for the uniaxial simulation. In the simple shear simulation, the same displacement
was applied in the y-direction over 5 timesteps. Figure 2.2 shows the final deformations
for the uniaxial and simple shear simulations.

Figure 2.1 Mesh configuration for uniaxial and simple shear simulations. The red point
marks the origin (0,0,0) on the back face of the unit cube. Mesh rendered in ParaView 5.7.0
(Kitware, Clifton Park, NY).
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a)

b)

Figure 2.2 Final deformations for the uniaxial and simple shear simulations. (a) Final
deformation for the uniaxial simulations, and (b) final deformation for the simple shear
simulations. Mesh rendered in ParaView 5.7.0.
2.4.2

Inclusion Simulations
Figure 2.3 shows a cross-sectional view of the mesh for the inclusion simulation.

The mesh represented an inclusion of fibrotic material within a block of normal cardiac
tissue where the inclusion is a unit cube in the center of a larger 3x3x3 cube. The cube was
subjected to the same uniaxial loading conditions described in the unit cube uniaxial
simulation above. The fiber direction was initialized along the x-axis, and the time constant
was set to 10 ms. Reorientation in the fibrotic region was disabled. The boundary
conditions were also identical to those applied in the uniaxial and simple shear simulations.
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Figure 2.3 Cross-sectional view of the mesh configuration for inclusion simulation. The
red region represents the fibrotic inclusion, and the blue region represents normal cardiac
tissue. Mesh rendered in ParaView 5.7.0.
2.4.3

Heterogeneous Strip Simulations
A rectangular box mesh was used to represent a strip of cardiac tissue with varying

passive and contractile properties. The mesh consisted of 1920 tetrahedral elements for this
model. The time constant was set to 240 ms to ensure that reorientation occurred over
several cardiac cycles. Ten percent of the strip geometry at the left end was considered to
be compliant with respect to the rest of the tissue and was modeled with a reduced isotropic
stiffness value of C = 26.6 Pa. The cross-bridge density was set to 0 in order to eliminate
contraction in the compliant region.
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For each of the strip simulations, the strip was subjected to cyclical loading
conditions designed to mimic the cardiac cycle. A traction boundary condition on the right
face of the strip was ramped up to a magnitude of 4000 Pa over 75.0 ms to mimic passive
diastolic loading. Once the prescribed traction was reached, the displacement of the right
face was held constant as isometric contraction occurred in the tissue. Upon exceeding a
load of 30 kPa, the strip was allowed to shorten against a prescribed traction (afterload) of
30 kPa. When shortening was completed, the displacement of the right face was fixed again
until full relaxation was achieved. Fiber adaptation was disabled in the fibrotic and
compliant regions and for the first cycle of the strip simulations in order to obtain reference
data for analysis.

Figure 2.4 Mesh configuration for homogeneous strip simulation. The compliant end is
represented in blue, and the normal cardiac tissue is represented in red. Mesh rendered in
ParaView 5.7.0.
2.4.3.1 Interstitial Fibrosis Simulations
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To determine whether interstitial fibrosis could be a potential cause of myocardial
disarray, 40% of the simulated cardiac tissue in the strip geometry was designated as
fibrotic tissue. These elements were randomly selected using a random sampler function
from NumPy 1.16.6 and assigned the passive parameters correspondent to fibrotic tissue.
The mesh configuration with the selected fibrotic elements is shown in Figure 2.5.

Figure 2.5 Mesh configuration for the interstitial fibrosis strip simulation. The blue region
represents the compliant end, the light red regions represent normal cardiac tissue, and the
dark red regions represent fibrotic, non-contracting elements. Mesh rendered in ParaView
5.7.0.
2.4.3.2 Heterogeneous Contractility Simulations
It has been suggested that myocyte disarray in HCM patients could be caused by
heterogeneities in contraction among neighboring myocytes (Kraft et al., 2013; Kraft &
Montag, 2019). To test the potential of contractile heterogeneities as a cause of myocardial
disarray, a uniaxial strip simulation with heterogeneous contractile properties was
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performed. Forty percent of the elements were designated as tissue with impaired
contraction. The mean value of the cross-bridge densities in the impaired tissue was
adjusted to 5.081E16 cross bridges per m2 with a standard deviation of 2.692E16 cross
bridges per m2. The value for each impaired element was selected randomly from a normal
distribution truncated at [1.829E14 (-1.88SD), 2.088E17 (3SD)] with the mean and
standard deviation given above to prevent the selection of negative cross-bridge values.
The distribution of cross-bridge densities overlaid with the mesh configuration is presented
in Figure 2.5. The total stress S was used to adapt the fiber orientations in this simulation.

Figure 2.6 Mesh configuration for impaired contraction strip simulation. The color bar
represents the range of cross-bridge densities present in the strip simulation. Mesh rendered
in ParaView 5.7.0.

2.5

Data Analysis
Myocyte disarray was represented as a distribution of deviations from the initial

fiber direction along the x-axis. A custom code was created to analyze and display the fiber
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distributions using Python 2.7.18 (PSF, Wilmington, DE). Fiber orientations were
visualized in ParaView 5.7.0. Referential shear stress data were recorded at each timestep
and plotted using the Data Analysis tool in ParaView. The maximum shear stress before
reorientation was compared to the maximum shear stress for the last full cycle to calculate
shear stress reduction.
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CHAPTER 3. RESULTS
3.1

Uniaxial and Simple Shear Simulations
A comparison between stress- and strain-based reorientation with two initial

orientations (0⁰, 45⁰) was conducted to establish a basic understanding of the behavior of
the stress-based reorientation law. This comparison was performed for uniaxial and simple
shear loading simulations. When the fiber direction was initialized along the direction of
uniaxial loading, i.e. along the x-axis, no reorientation occurred under either stress-based
or strain-based reorientation. When the fibers were offset at 45 degrees, reorientation
occurred towards the x-axis in the uniaxial simulations. A stress-to-strain comparison of
the deformations at the start of reorientation (t = 6 ms) and the end of the uniaxial
simulation with 45-degree fiber offset is shown in Figure 3.1. Both the reorientation laws
result in similar final orientations and deformations. Similarly, there was no significant
difference in final orientation among the simple shear simulations, despite differences in
initial orientation and reorientation law.
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Figure 3.1 Fiber orientations at the start and end of the uniaxial, 45-degree fibe offset
simulations. Top row: strain-based adaptation; Bottom row: stress-based adaptation.
Glyphs rendered in ParaView 5.7.0.
The average magnitudes of 𝜏𝜏𝑓𝑓𝑓𝑓 , 𝜏𝜏𝑓𝑓𝑓𝑓 , and 𝜏𝜏𝑠𝑠𝑠𝑠 for the stress and strain-based

reorientations under uniaxial loading are shown in Figure 3.2. The fiber-sheet shear stress
𝜏𝜏𝑓𝑓𝑓𝑓 is given by

𝜏𝜏𝑓𝑓𝑓𝑓 = 𝒆𝒆𝑠𝑠,0 ∙ 𝑺𝑺𝒆𝒆𝑓𝑓,0

(3.1)

𝜏𝜏𝑠𝑠𝑠𝑠 = 𝒆𝒆𝑛𝑛,0 ∙ 𝑺𝑺𝒆𝒆𝑠𝑠,0

(3.2)

where 𝒆𝒆𝑠𝑠,0 is the sheet unit direction in the reference configuration. Similarly, the sheet-

normal shear stress 𝜏𝜏𝑠𝑠𝑠𝑠 is given by
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where 𝒆𝒆𝑛𝑛,0 is the normal unit direction in the reference configuration, and the fiber-normal

shear stress is given by

𝜏𝜏𝑓𝑓𝑓𝑓 = 𝒆𝒆𝑛𝑛,0 ∙ 𝑺𝑺𝒆𝒆𝑓𝑓,0 .
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(3.3)
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Figure 3.2 Average magnitudes of fiber-sheet shear stresses (in Pa) in uniaxial simulations over time (in ms). Plot rendered in ParaView
5.7.0.

Interestingly, the average magnitudes of 𝜏𝜏𝑓𝑓𝑓𝑓 , 𝜏𝜏𝑓𝑓𝑓𝑓 , and 𝜏𝜏𝑠𝑠𝑠𝑠 all increase in the first 5

timesteps after the beginning of reorientation, after which the shear stresses decrease

towards zero by the end of the simulation. All of the shear stress magnitudes approached
zero as the simulation progressed. The strain-based reorientation was complete at t = 53.0
ms, whereas the stress-based reorientation was complete at t = 113.0 ms.
Additional simulations were run to investigate the effects of initial fiber orientation
and boundary conditions on the stress-based reorientation law, as shown in Table 3.1.
Fibers initialized at 225 degrees resulted in a final orientation along the x-axis opposite
than that of fibers initialized at 45 degrees, suggesting that there is more than one solution
for a given set of boundary and loading conditions. When the fibers were initialized
orthogonal to the x-axis, the location of the fixed-point boundary condition affected the
final orientations of the fibers. Locating the fixed point at the origin produced varied final
orientations, where two fibers are oriented along the negative x-direction, three along the
positive x-direction, and one remaining at 90 degrees. All fibers were aligned along the xaxis when the fixed point was located at (0,1,0) (refer to Figure 2.1 for mesh configuration),
with two in the negative x-direction and four in the positive x-direction. At the end of the
simulation with the fixed point located at (0,0,1), all fibers were oriented in the positive xdirection.
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Table 3.1 Results for Stress-Based Uniaxial Simulations

Initial Orientation
(degrees)
0
45
90
225

Fixed Point (Boundary
Conditions)
(0,0,0)
(0,0,0)
(0,0,0)
(0,1,0)
(0,0,1)
(0,0,0)

Final Orientation
(degrees)
0
0
varied
varied
0
180

Figure 3.3 shows the results from the time constant sensitivity studies performed
with respect to reorientation completion time. The stress reorientation completion data was
fitted with a power function
𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓ℎ = 39.218𝜅𝜅 0.6545

where 𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓ℎ is the reorientation completion time, defined as the time at which the change

in orientation is less than 0.0001, and 𝜅𝜅 is the time constant used in the reorientation laws

shown in the previous chapter. Similarly, the power function
𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓ℎ = 14.379𝜅𝜅 0.816

was fitted to the strain reorientation completion data. These functions can be used to
approximate the adequate duration for a given simulation to ensure reorientation is
achieved.
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Figure 3.3 Plot of reorientation finish time versus time constant obtained using uniaxial,
fiber offset simulations.

3.2

Inclusion Simulations
A simulation was run for each reorientation law with initial orientations of 0 and

45 degrees. Figure 3.4 shows a comparison of the final orientations for the inclusion
simulations. Both the stress- and strain-based, 0-degree simulations resulted in minimal
reorientation from the x-axis of fibers along the top and bottom of the inclusion. As shown
in Figure 3.4, the final fiber orientations for the strain-based, 45-degree offset case was
identical to those of the 0-degree simulations. The average fiber-sheet shear strain was 0.00082. Conversely, the final orientations for the corresponding stress-based simulation
formed a pattern which was distinctly different, deviating around the inclusion along the
45-degree line in the fiber-sheet plane. The average fiber-sheet shear stress was -18.97 at
the end of the simulation.
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30
Figure 3.4 Comparison of final fiber orientations by initial fiber angle for the uniaxial simulations. Mesh and glyphs rendered in
ParaView 5.7.0.

3.3

Interstitial Fibrosis Simulations
The final fiber orientations for the homogeneous strip simulation are shown in

Figure 3.5. None of the reorientation laws resulted in reorientation for the homogeneous
strip case, i.e., all of the fibers were aligned with the direction of loading. Figure 3.6 shows
the final orientations for the interstitial fibrosis simulations. There was no change in
orientation as a result of active stress-based adaptation; the difference in initial and final
fiber orientation is 1.421E-14 degrees. Qualitatively, the degree of disorganization which
developed as a result of passive stress-based adaptation was similar to that which resulted
from stain-based adaptation. Total stress-based adaptation produced notably less
disorganization. The large percentage of fibers were oriented within a 1.5-degree deviation
from the x-axis at the end of the total stress (45.7%), passive stress (41.6%), and strain
(39.5%) simulations. The fibers in the strain simulations showed the greatest deviation
from the original orientation along the x-axis.
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Figure 3.5 Final fiber orientations for homogeneous strip simulation. Glyph rendered in
ParaView 5.7.0.
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Figure 3.6 Final fiber orientations for the interstitial fibrosis simulations. Top to bottom:
active stress-based adaptation, passive stress-based adaptation, total stress-based
adaptation, and strain-based adaptation. Note that the final orientations corresponding to
the compliant and fibrotic regions are not shown. Glyphs rendered in ParaView 5.7.0.
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The fiber-sheet total shear stresses for the passive, total, and strain-based
simulations are plotted in Figure 3.7. The maximum shear stress for the first cycle was
compared to the maximum shear stress for the last full cycle to calculate shear stress
reduction. The maximum shear stress before reorientation was 6939.31 Pa. The strainbased simulation resulted in the greatest reduction in total shear stress (33.76% versus
24.62% [passive], 12.77% [total]).

Figure 3.7 Distributions of fiber deviations from the x-axis for reorientation various
reorientation laws. a) Passive stress-based, b) total stress-based, and c) strain-based
reorientations. Note that only the fibers in the elements representing normal cardiac tissue
are shown. The distribution from the active stress-based simulation is not included in the
figure, due to the fact that no reorientation occurs.
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Figure 3.8 Maximum and minimum fiber-sheet total shear stresses over time for the strip simulations. Plot rendered in ParaView 5.7.0.

3.4

Heterogeneous Contractility Simulations
Several preliminary, isometric single-twitch simulations were performed to

determine the relationship between the cross-bridge density and the contractile force
generated. The results of the study are reported in Figure 3.9. The data reveals a strong
linear relationship between cross-bridge density and generated contractile force, given as
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 23.236 𝑐𝑐𝑐𝑐 − 30.519

where cb is the cross-bridge density in 1E16 cross bridges per m2 and force is the generated
contractile force in kPa. The range of data from this study encompasses ±1.5 SD of crossbridge density distribution used in the heterogeneous contractile simulations.
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Figure 3.9 Relationship between cross-bridge density and generated force under isometric,
single-twitch conditions.
The final fiber orientations for the heterogeneous contractility simulation are shown
in Figure 3.10, where total-stress was used as the driver for reorientation. There is marked
disorganization among the fibers at the end of the simulation. The angle deviation
distribution is shown in Figure 3.11. Statistical measures of the distribution are reported in
Table 3.2. Whereas the mode for fiber orientation was within 1.5 degrees of the x-axis in
the interstitial fibrosis simulations, the mode for the heterogeneous contraction simulation
was within the second bin (1.84 - 3.67 degrees). These measures of distribution indicate
that more disorganization was generated in the heterogeneous contractility simulation,
compared to the interstitial fibrosis simulations. The maximum and minimum fiber-sheet
total shear stress is reported over time in Figure 3.12. The maximum and minimum shear
stresses before reorientation were 3242.71 and -4340.22 Pa, respectively. The maximum
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shear stress was reduced by 62.71%, and the minimum shear stress was reduced by 67.9%.
Note that the maximum and minimum shear stresses were reached simultaneously in the
first cycle but occurred at different points in the cycle as reorientation advanced.

Figure 3.10 Final fiber orientations for total stress-based heterogeneous contractility
simulation. Glyph rendered in ParaView 5.7.0.
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Figure 3.11 Heterogeneous contractility angle distribution at the end of the simulation.
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Figure 3.12 Maximum and minimum fiber-sheet shear stresses over time in the heterogeneous contractility simulations. Plot rendered
in ParaView 5.7.0.

CHAPTER 4. DISCUSSION
The fiber offset studies in the uniaxial and inclusion simulations suggest that the
final solution is dependent on initial fiber orientations as well as boundary conditions. The
dependence of the final orientation on initial fiber orientation in the uniaxial simulations is
expected, as both the stress- and strain-based reorientation laws adapt towards one of the
two corresponding eigenvector solutions. In truth, the uniaxial and simple shear
simulations were performed in order to confirm this behavior and thus to serve a foundation
for understanding and anticipating behavior in more complex stress states. The influence
of initial fiber orientation is more prominent in the inclusion simulations, where the steadystate fiber orientations varied dramatically with initial fiber orientation.
Boundary conditions also have a great impact on the final fiber orientation. In the
uniaxial, 225-degree fiber offset case, the choice of boundary conditions can change the
final orientation by subtly altering the stress and strain states in the mesh. The loading
conditions produces a much greater impact on the stress and strain states. For the fiber
offset inclusion simulations, the uniaxial loading conditions produces a relatively
homogeneous strain pattern throughout the simulation while the stress patterns vary
regionally and evolve as the simulation progresses, resulting in fiber orientation solutions
developing in communication with neighboring fibers with different local stress
information. In this study, the boundary conditions are simplified in order that the potential
for the stress-based reorientation law to produce disarray may be preliminarily evaluated.
However, this dependence on boundary conditions also means that the performance of the
stress-based reorientation law as shown in this work may not reflect the true adaptation of
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cardiomyocytes in vivo. To fully evaluate the merit of the stress-based reorientation law,
studies with a more realistic mesh geometry and boundary conditions are required.
Interestingly, the active stress-based adaptation for the interstitial fibrosis case did
not result in any reorientation in fiber direction. This is a result of the contractile model in
this work. The contractile model used in the work calculates the contraction force per area
along the fiber direction and transmits a portion of the force into the sheet and normal
directions. The assumption here is that the modeled cardiomyocyte cannot experience shear
stresses. Therefore, without any variability in contraction between neighboring elements,
no active shear stress is produced, and the fiber direction is always in the direction of
maximum traction. However, this is not so in vivo. The branching structure of
cardiomyocytes enables the transmission of forces in directions offset from the local basis
and is likely responsible for the production of shear stresses due to contraction. A more
sophisticated model of the branching structure which allows the transmission of active
stress in directions other than fiber, sheet, and normal direction will enable the use of active
stress as a sole driver of adaptation.
Washio et al. (2020) achieved physiological and pathological fiber adaptation,
driven by active stress, using a contraction model incorporating primary and peripheral
fiber directions. The orientations of the peripheral fibers are constant while weights
representing the fiber strength are adapted throughout the simulations. However,
multiplying the number of contraction calculations performed would produce unreasonable
computational loads in our current framework, so perhaps a similar approach can be
adopted in which the fiber directions, rather than the fiber strengths, are updated. In any
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case, further study towards a more robust representation of myocyte branching structure is
required.
The

stress-

and

strain-based

reorientation

laws

successfully

induced

disorganization in the interstitial fibrosis simulations. The passive stress and strain-based
adaptations yielded similar results in terms of directional disorganization, and the final
orientations for each simulation qualitatively resemble myocyte disarray in HCM depicted
in the literature (Maron et al, 1982; Varnava et al, 2001; Kanzaki et al., 2012). Although
the comparatively long tail to the right potentially suggests a higher level of sensitivity to
local heterogeneities, the total stress-based adaptation, by contrast, produced the least
amount of disarray for the interstitial fibrosis case. However, the performance of the total
stress-based adaptation law may not reflect an insufficiency in the stress-based law itself.
Rather, the limitation imposed by the calculation of the active stress may result in the
constraining of the total stress-based law, if the active stress is indeed a prominent driver
of myocyte adaptation, as suggested by works from Washio et al. (2020). Furthermore,
validation of these results in comparison with experimental data is necessary to draw
conclusions concerning the merit of one reorientation law over another.
It has been suggested that contractile heterogeneity among cardiomyocytes is a
major feature of expression for certain familial HCM mutations and that myocyte disarray
may develop as a result of this feature (Kraft et al., 2019). To test the potential of
heterogeneous contraction to generate myocyte disarray, total stress-based adaptation was
allowed to occur in a strip geometry with heterogeneous contractile properties. The
resulting final fiber orientations provide support for heterogeneous contractile properties
to be a potential trigger for the development of myocyte disarray.
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK
Myocyte disarray is one of the major hallmarks of familial hypertrophic
cardiomyopathy and can contribute to the impaired global cardiac function observed in
HCM patients. However, little work has been done to capture the development and effects
of myocyte disarray as a result of fiber adaptation in current models of the heart. In this
work, we aimed to develop a continuously adapting, stress-based reorientation law that can
reproduce myocyte disarray. The stress-based law demonstrated the ability to produce
disorganized fiber orientations which resemble disarrayed myocytes in the cases of
heterogeneous passive material and contractile properties. Recommended future works
include performing fiber adaptation in a left ventricle model with realistic hemodynamic
loading conditions, validating simulation results with experimental data, and developing a
more robust representation of the myocyte branching structure.
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